INTRODUCTION
Cell physiology is characterized by the integration of numerous metabolic and biochemical processes. This integration provides the efficiency and adaptability that are associated with microbial metabolisms. For instance, organisms that utilize molecular oxygen must minimize the potential consequences of toxic oxygen species, including hydrogen peroxide , hydroxyl radicals have sufficient redox potential to oxidize both sugar and base residues in DNA (3) (4) (5) (6) . Left unchecked, this reactivity results in a high level of specific mutagenic lesions in the cell. While bacterial cells have evolved several ways to eliminate toxic oxygen species (reviewed in (1) and (7)), or repair damage when it occurs (8, 9) , there is a need to sequester the cellular Fe(II) that can participate in Fenton chemistry to prevent excessive damage to DNA and other macromolecules.
The control of Fenton chemistry and the resulting damage is complicated by the multiple roles of iron in cellular metabolism. Though iron exists in two stable oxidation states, Fe(II) and Fe(III), nearly all non-biological iron is in the highly insoluble ferric (Fe(III)) form. Bacteria circumvent solubility problems by the use of extra-cellular Fe(III)-specific siderophores. 4 activity has been referred to by a variety of names, including transit, low molecular weight or "free" iron pool (2, 12, 13) . Processes such as regulation, cofactor biosynthesis and iron storage draw from this pool. An unresolved question in iron trafficking in bacteria focuses on what the iron in this transit pool is liganded to (10) . It has been suggested that ATP, GTP, pyrophosphate, polypeptides, etc., many be liganded to the "free" iron and thus facilitate trafficking between siderophores and cellular processes requiring Fe(II) (12) . Studies of the status of the "free" iron pool have been limited by the techniques available, most of which rely to some extent on chelation. Results of these experiments necessarily reflect the affinities of the chelators employed, making it difficult to obtain general insights on the number and/or species of the ligands involved (13) . However, the chelatable nature of this iron suggests that unlike iron bound to storage proteins, or in functional proteins, "free" iron can have a cytotoxic effect.
Therefore, a major challenge the cell faces in maintaining iron homeostasis is to i) sequester Fe(II) from participating in detrimental Fenton chemistry, and ii) make Fe(II) easily available for the cellular processes in which it is required.
The Ferric uptake regulator (Fur) protein is responsible for sensing Fe(II) levels inside the cell and regulating gene expression accordingly (reviewed in (14, 15) ). It was recently suggested that a central function of Fur is sequestration of Fe(II). Various phenotypes associated with null mutations in fur have been attributed to a concomitant increase in cellular Fe(II) levels, one being increased mutagenesis (16, 17) . It has been suggested that, at least in part, the increased mutagenesis is due to the lack of Fur to sequester the "free" iron (18).
Previously we reported that accumulation of the YggX protein resulted in i) increased resistance to superoxide, ii) decreased in spontaneous mutation frequency, and iii) restoration of aconitase activity in various mutant backgrounds (i.e., gshA) (19 Damaged template in a PCR reaction results in less product compared to undamaged template by blocking DNA polymerase (28) . This correlation has been previously used to quantify DNA damage by PCR (29,30). Genomic DNA was purified using an Easy-DNA kit (Invitrogen).
Template DNA concentrations were calculated using A 260 spectroscopic readings and were as stated in Figure 1 . One hundred pmol of each primer was used in all reactions. Primer sequences (5' -3') and expected product sizes are as follows: CGTAATTCGGGATCCGCG / TCCACGTCAGCGGCGGTTTTAC -4470 bp product (thiC -thiG);
CATCGCAGGTAAAGTCGTCTCTAAA / TCCCGCGTAAACAATCAATAAAACA -8301 bp product (rpoB -thiH). Amplification products were generated using the Z-Taq enzyme (TaKaRa Bio Inc.) according to specifications. DMSO (2%) and glycerol (1%) were present and required for the reactions. Reactions were performed in a GeneAmp 2400 PCR System (PerkinElmer) using the following conditions for PCR: 4.5-kb product: 94°C, 2'; 33 cycles of 94°C, 10s and 68°C, 1:20'; and final extension at 70°C, 7'. For the 8.3-kb product: 92°C, 2'; 35 cycles of 92°C, 20s and 68°C, 2:20'; and final extension at 70°C, 7'. Amplification products were run on a 1% agarose gel, stained with ethidium bromide, visualized using a Fotodyne Gel Documentation System, and quantified using Gel-Pro Analyzer software package (Media Cybernetics). The amount of PCR product was proportional to the amount of DNA template from DM5105 over the concentrations used in these experiments (data not shown).
ii) DNA Damage Quantification Kit -AP Site Counting. Genomic DNA was isolated as described above. Abasic (AP) lesions in the genomic DNA were quantified using a DNA and incubated overnight at 37°C, were used to inoculate 10 mL cultures of minimal glucose media. For each strain, ten independent cultures were grown overnight at 37°C and plated in the following ways: For CC103 reporter strains, 10 mL (10 9 CFU) of culture was centrifuged and resuspended in 0.4 mL 1X NCE and plated onto a single minimal medium plate with lactose as the sole carbon and energy source. Plates were incubated for 1 -2 days at 37°C and colonies that arose were scored as one Lac + CFU. Prior to centrifugation, a small volume (10 µl) from the 10 mL overnight culture was dilution plated onto minimal glucose plates to determine total CFU/mL. The procedure for CC104 reporter strains was the same as above, except 250 µL (2.5 x 10 7 CFU) was plated from each independent overnight culture onto five minimal lactose plates.
Biochemical Assays. i) A/G-specific adenine glycosylase (MutY) activity.
A/G-specific adenine glycosylase (MutY) activity was assayed using conditions reported by Lu et al. (33) and oligonucleotide substrates (Chang-68 and Chang-69) described by Gu and Lu (34) .
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Oligonucleotides were purchased and PAGE purified by Integrated DNA Technologies.
Protocols for substrate generation using P 32 -labeled dCTP and assay procedure were followed as described (33,34); with the exception that reductant was not used in the assay buffer. Cell extracts were prepared from overnight LB cultures via sonication (two 10 sec pulses consisting of 0.5 sec bursts, with ~ 1 min incubation on ice between pulses), clarified by centrifugation (10,000 x g for ~ 5 min), transferred to new microfuge tubes, then frozen at -20°C until used.
Protein was quantified via Bradford assay (35) . The Escherichia coli mutY null strain (CSH117) was obtained from the E. coli Genetic Stock Center (http://cgsc.biology.yale.edu).
ii) β-Galactosidase Activity. Overnight LB cultures of strains DM6762 and DM6763 were used as inoculum (1:100) into 5 mL of fresh LB containing various concentrations of FeCl 3 .
Resulting cultures were grown with shaking at 37°C to ~ O.4 OD 650 , pelleted and resuspended in 5 mL of minimal 1X NCE, and placed on ice until assayed. Assay was performed and quantified as described by Miller (36) .
Construction of YggXC7S Overexpression Plasmid.
The yggX gene from S. enterica was amplified from a plasmid containing the wild-type gene (pYGGX3A, (19) ) using primers that were designed to; i) eliminate the stop codon, ii) introduce a NdeI restriction site that overlaps the start codon, and iii) change the amino acid at position seven from cysteine to serine. The sequence of the PCR primers used (5'-3') was as follows: YggX-NoTerm -TTTTTTATCTTCCGGCGT and YggX-C7S -CATATGAGCAGAACGATTTTTTCTACTT.
The amplification product was then digested with NdeI; gel purified and ligated into the NdeI and SmaI sites of the pTYB2 vector (New England Biolabs). The resulting clone (pTYB2-
YggX and YggXC7S Overexpression and Purification. Vectors containing both mutant and
wild-type gene sequences were electroporated into strain BL21 (λDE3) of E. coli. Proteins were purified using chitin affinity chromatography with the IMPACT T7 Kit (New England Biolabs).
Over-expression and purification were performed as described by the manufacturer using 30 mM DTT in the on-column cleavage step. The elution and cleavage process was performed twice, increasing the yield. Protein was concentrated using an Amicon Stirred Ultrafiltration Cell Following incubation at room temperature for 30 min, 3 µl of loading buffer was added, and 20
µl of the reaction mix was loaded into a 1% agarose gel, stained with ethidium bromide, and visualized with a Fotodyne gel documentation system. proportional to the quantity of amplified product (29). Two products from the 90 min region of the chromosome were amplified. One product was 4.5-kb (primers flanking thiC and thiG), the second one was 8.3-kb (primers in rpoB and thiH). Figure 1 displays the results of this experiment when the 4.5-kb fragment was amplified. When equal amounts of template DNA were used, the quantity of amplified product from DM5104 DNA was significantly less than when DNA from strain DM5105 was used. Similar results were found when the larger PCR product was monitored (data not shown). These results were consistent with the presence of more polymerase-blocking lesions in the strain that failed to accumulate YggX. (40) . The choice of specific reporters was prompted by the effect of YggX on superoxide stress (19) , the proximity of yggX to the DNA glycosylase encoded by mutY (41) , and the induction of yggX expression by superoxide stress (42) . Two constructs were used for these studies, one that monitored GC to TA transversion mutations (CC104), and one that detected GC to CG transversion mutations (CC103). The GC to TA transversions can be the result of hydroxyl radical attack, and are preventable by MutY activity (31, 43) , whereas GC to CG transversions are neither the result of oxidative damage, nor prevented by MutY activity (31) . Each of these constructs (located in the chromosomal tre locus (32)) was introduced by transduction into strains DM5104 and DM5105, generating four relevant strains. Each strain was grown overnight in minimal glucose medium and a sample was plated on medium with lactose as the sole carbon and energy source. The number of Lac + colonies observed was determined as a function of colony forming units (CFU).
Detection of chelatable Fe(II) in vitro.
Ten independent cultures of each strain were analyzed; a summary of the results is presented in (Table II) . However, the number of GC to TA transversions detected in the two strains (DM6912, DM6223) differed significantly, with the accumulation of YggX protein correlating with a decrease of over 40-fold in this class of mutations (Table II) .
Interestingly, the strain with no detectable YggX displayed a mutation profile similar to that reported for mutY mutants, while the strain accumulating YggX produced a profile more similar to the wild-type strain in other studies (40) . This mutant correlation was consistent with the previous demonstration that many laboratory wild-type strains, in particular E. coli K12, accumulate YggX (data not shown). 
MutY activity is not increased in strains accumulating

Variant protein YggXC7S is nonfunctional in vivo.
DNA damage detected by both genetic and physical means could be explained by hydroxyl radical-mediated attack. In considering intracellular Fenton chemistry the primary source of these radicals (44, 45) , residues of YggX that could be involved in this process were tentatively identified. The single cysteine residue present in YggX (Cys7) was targeted for substitution because i) it is conserved in all YggX homologs, and ii) cysteine residues are highly reactive and often involved in metal coordination.
A plasmid containing the allele of yggX encoding the YggXC7S variant protein failed to eliminate the nutritional requirements of a gshA mutant strain (data not shown, (19) ).
Immunoblot analysis determined that the YggXC7S protein was stable and accumulated to similar levels as the wild-type protein when the wild-type gene was provided on a plasmid (data not shown). On the basis of these data it was concluded that residue Cys7 in YggX was essential for function in vivo.
YggX prevents Fenton chemistry in vitro.
To determine whether the proposed effect of YggX on mutagenesis was due to a direct role in reducing Fenton chemistry, both the YggX and Significantly, the mutant protein failed to generate the phenotypes associated with the wild-type protein in vivo ((19) , data not shown). Taken together these results allowed the conclusion that the in vitro activity reported was relevant to in vivo function, and that the Cys7 residue is essential for YggX function, possibly by serving as a ligand for Fe(II). 
Lack of
Acidithiobacillus ferrioxidans).
It is tempting to speculate that YggX has evolved as a means to evade damage caused by oxidative bursts from the host or symbiont, and/or protect organisms from the toxicity generated by redox active metals. 
